A numerical phenotypic analysis, in which the unweighted pair group average linkage method and Dice similarity coefficient were used, was performed on 155 strains received as Pseudomonas alcaligenes, Pseudomonas pseudoalcaligenes, Pseudomonas mendocina, or Pseudomonas stutzeri. These organisms are the clinically important nonfluorescent species belonging to ribosomal ribonucleic acid group I of Palleroni and co-workers. Six major clusters, which could be further divided into 20 subclusters, were formed. Most strains received as P. alcaligenes fell into three subclusters (subclusters Al, A2, and Bl), whereas strains received as P. pseudoalcaligenes were mainly classified in two other subclusters (subclusters C2 and C3). All but two strains (subcluster D1) of organisms received as P. mendocina were grouped in subcluster D2. Most of the 45 strains received as P. stutzeri were contained in a large subcluster, subcluster E2 (39 strains). Strains belonging to fluorescent pseudomonad species (Pseudomonas aeruginosa, Pseudomonas jluorescens, and Pseudomonas putida), which were included in the analysis for control purposes, were contained in one cluster, which comprised seven subclusters.
Since the classical study of Stanier et al. (30) on Pseudomonas taxonomy, most of the analyses performed on these strains have pointed to the genomic heterogeneity of the genus (5, 17, 35). However, very few studies have been carried out at the species level to revise the phenotypic definitions of these organisms and to determine their genomic positions by deoxyribonucleic acid (DNA)-DNA hybridization. Only fluorescent Pseudomonas spp. strains and strains isolated from meat have been the subjects of several taxonomic studies at the species level (2, 3, 14-16, 24, 26, 34). Although the nutritional characteristics given by Stanier et al. (30) are still potentially the most useful for differentiation, the lack of other phenotypic data leads to difficulties in developing identification schemes.
The aim of this study was to define, by using a numerical phenotypic analysis, species known to belong to ribosomal ribonucleic acid group I (18) on the basis of DNA-ribosomal ribonucleic acid hybridization (17), particularly the clinically important species of this group, which were received as Pseudomonas alcaligenes, Pseudomonas pseudoalcaligenes, Pseudomonas mendocina, or Pseudomonas stutzeri. Later, we intend to study the phenotypic groups by using DNA-DNA hybridization.
MATERIALS AND METHODS
Bacterial strains. A total of 155 strains were included in the analysis. These organisms comprised type and other reference strains received from diverse culture collections as P. alcaligenes, P. pseudoalcaligenes, P. mendocina, or P. stutzeri. Strains belonging to Pseudomonas f luorescens biovars A, B, C, F, and G, Pseudomonas chlororaphis, Pseu-* Corresponding author.
domonas aureofaciens, Pseudomonas putida biovars A and B, and Pseudomonas aeruginosa were included for control purposes.
Details concerning the strains, including their reference numbers and clinical sources (where known), are given in Table 1 .
Phenotypic characterization. In all, 215 characters were determined. Seven of these, which were either positive or negative for all strains, were not included in the numerical analysis. Of the 208 characters coded, some were subdivided, such as acidification or alkalinization of media containing carbohydrates, which corresponded to two unit characters; others were grouped together, such as diffusible pigment on King medium A or King medium B or both, and coded so as to give a single quantitative multistate character (13). The following tests were performed as described previously (7, 8): motility, presence of oxidase, growth at 4°C and in the presence of different concentrations of sodium chloride (0, 0.8, 3, 5, and 7%, wt/vol), indole and acetoin production, utilization of citrate (Simmons method), nitrate and nitrite reduction, production of urease and phenylalanine deaminase, mucate and malonate utilization, esculin and starch hydrolysis, hydrolysis of o-nitrophenyl-P-D-galactopyranoside and o-nitrophenyl-P-D-xylopyranoside, deoxyribonuclease, and hydrolysis of Tween 80.
The other characters were determined as described below. Growth was determined at 10 and 42°C (on nutrient agar; the results were recorded for up to 15 and 8 days, respectively), on cetrimide agar (trimethylammonium bromide; Merck, Nogent-sur-Marne, France), and on nutrient agar containing 1% (wt/vol) 2,3,5-triphenyltetrazolium chloride; the results for the two latter tests were read within 2 to 8 days. The presence of diffusible pigment was tested on King media A and B. Production of lipase and production of precipitation around colonies on egg yolk agar were demonstrated on tributyrin medium (tributyrin agar; Merck) and on nutrient agar containing Bacto egg yolk enrichment 50% (Difco p . pseudoalcaligenes P. stutzeri P. stutzeri P. stutzeri P. stutzeri P. stutzeri P. stutzeri P . stutzeri P. stutzeri P. stutzeri P. stutzeri P. stutzeri P. stutzeri P. stutzeri P. stutzeri P. stutzeri P. stutzeri P. stutzeri P. stutzeri P. stutzeri P. stutzeri P. stutzeri P. stutzeri P. stutzeri P. stutzeri P. stutzeri P. stutzeri P. stutzeri P. stutzeri P. stutzeri P. stutzeri P. stutzeri P . stutzeri P . alcaligenes P . stutzeri P . stutzeri P . stutzeri P . stutzeri P . stutzeri P . stutzeri P . stutzeri P . stutzeri P . stutzeri P . stutzeri P . stutzeri P . stutzeri P . putida biovar B P . putida biovar B P . putida biovar A P . putida biovar A P . stutzeri P . stutzeri P . mendocina P . mendocina P . aeruginosa P . aeruginosa Laboratories, Detroit, Mich.), respectively; both tests were read for up to 5 days. Hydrolysis of tyrosine and hydrolysis of gelatin were determined on plates containing nutrient agar supplemented with 5% (wtlvol) tyrosine and by the plate method of Stolp and Gadkari (31), respectively. Tetrathionate reduction, anaerobic respiration of tetrathionate, and amino acid decarboxylases were tested for by using the method of Richard (25) for aerobic gram-negative bacteria. The denitrification test was performed on a medium containing 20 g of casein hydrolysate (Institut Pasteur Production, Paris, France) per liter of distilled water. The same medium without potassium nitrate was used as a control. Growth with and without gas production was recorded within 48 h. Levan production from sucrose was examined by using the technique of Stolp and Gadkari (31) . The accumulation of poly-P-hydroxybutyrate (PHB) was determined in a standard mineral medium (31) supplemented with 0.5% (wtlvol) DL-3-hydroxybutyrate. The presence of PHB was demonstrated by staining with 0.4% (wt/vol) Sudan black B in alcohol at 70°C (representative strains from subclusters Al, A2, B1, and C1 to C5). Acidification or alkalinization of the media containing sugars and alcohols was tested in HughLeifson medium (9) and was read after 24 h and 48 h. organic acids, and amino acids, as sole carbon sources was tested by using API 50 CH, API 50 AO, and API 50 AA kits (API System, La Balme les Grottes, France), respectively.
Growth was observed within 1, 2, and 5 days; when no growth was detected on any substrate (strains G 4367 and DSM 50145), amino acids and vitamins (Biomerieux, Lyon, France) were added to the agar medium to final concentrations of 1% (wtlvol).
Numerical analysis. The similarity between strains was calculated by using the Dice index (8). Classification of the strains was based on the unweighted pair group average linkage method (4, 28).
RESULTS
Our dendrogram (Fig. 1) exhibited six main clusters, designated clusters A through F, which could be subdivided, at higher levels of similarity, into the following 20 subclusters: Al, A2, B1, C1 through C5, D1, D2, E l through E3, and F1 through F7. Two strains did not fall into any cluster.
Clusters A and B. Clusters A and B contained 12 strains each. Subclusters Al, A2, and B1 comprised 7, 3, and 10 strains, respectively; 4 strains belonging to clusters A (2 strains) and B (2 strains) did not fall into any subcluster.
Most of the strains were received as belonging to the species P . alcaligenes; exceptions were seven strains received as P . pseudoalcaligenes (three strains in subcluster A2, two cluster A strains that did not fall into any subcluster, and two of the strains belonging to subcluster B1) and one strain received as P . mendocina (belonging to subcluster Bl). Type strain ATCC 14909 of P . alcaligenes was in subcluster B 1.
Phenotypic descriptions of these groups are presented in Tables 2 and 3 . The differentiation of clusters A and B was based on production of arginine dihydrolase and utilization of ~~-5-amino-valerate, putrescine, spermine, caprylate, pelargonate, adipate, pimelate, suberate, azelate, sebacate, DL-glycerate, and levulinate. Subclusters A1 and A2 (Table  3) showed clear phenotypic differences since most strains of subcluster A1 utilized itaconate, mesaconate, m-hydroxybenzoate, and p-hydroxybenzoate, whereas strains of subcluster A2 were unable to utilize these compounds. Conversely, all strains of subcluster A2 were able to grow on glycerol, fructose, L-citrulline, and ~~-4-aminobutyrate, whereas strains of subcluster A1 failed to do so.
Formation of PHB inclusions was observed in only 29% of the subcluster A1 strains tested. In subcluster A2, only strain G 4767 was tested, and it contained inclusion bodies. No inclusions were detected in strains ATCC 14909T (T = type strain) and CCUG 1316 (the only members of subcluster B1 tested).
Cluster C. Cluster C, containing 48 strains, was divided into the following five subclusters: subcluster C1 (2 strains; 1 strain received as P . alcaligenes and 1 strain received as P . pseudoalcaligenes), subcluster C2 (14 strains received as P . pseudoalcaligenes), subcluster C3 (25 strains; 23 strains labeled P . pseudoalcaligenes, including type strain ATCC 17440 [= CIP 66-14] and 2 strains labeled P . alcaligenes), subcluster C4 (2 strains; 1 strain received as P . pseudoalcaligenes and 1 strain received as Pseudomonas oleovorans), and subcluster C5 (2 strains labeled P . pseudoalcaligenes).
Three strains (strains CCUG 15481, R 76-80, and R 74-80) in cluster C were not classified. Most of the cluster C strains (85 to 100%) were differentiated from cluster A and B strains (Table 2 ) by the following tests: production of Tween esterase, growth on 5% (wthol) NaC1, and assimilation of fructose and L-leucine. Numerous characteristics differentiate subclusters C1 through C5 from each other and from clusters A and B (Table 3) .
The presence of PHB could not be demonstrated in strains representative of subclusters C1 through C5 (strains CIP 66-14, CCUG 5181, G 5035, G 4739, and R 3-82).
Cluster D. Cluster D, which contained 13 strains, was divided into two subclusters, subcluster D1 (2 strains; 1 strain received as P . stutzeri and 1 strain received as Pseudomonas sp.) and subcluster D2 (10 strains received as P . mendocina, including type strain ATCC 25411). One cluster D strain (a P. pseudoalcaligenes strain) did not fall into either subcluster. All of the strains of cluster D were capable of assimilating glucose, glycine, L-valine, L-serine, L-histidine, betaine, sarcosine, and trans-aconitate.
Cluster E. Cluster E, containing 45 strains (all received as P . stutzeri), was divided into the following three subclusters: subcluster E l (3 strains), subcluster E2 (39 strains, including type strain ATCC 17588), and subcluster E3 (2 strains). One strain did not fall into any subcluster. All of the strains of cluster E were easily differentiated from all of the other taxa by their assimilation of maltose, starch, and glycogen (Table TABLE 2 2). Characteristics for differentiating subclusters E l through E3 are shown in Table 4 . The tests which differentiated subclusters F1 through F7 are shown in Table 4 .
DISCUSSION
Clusters A and B: P. alcaligenes and phenotypically similar strains. Most of the strains assigned to the species P . alcaligenes were in three subclusters, subclusters A l , A2, and B1. Six strains previously studied by Pickett and Greenwood (21) fell into subclusters A1 (strains G 4519, G 3621, G 3603, and G 3530) and B1 (strains ATCC 14909T and G 3512). Nutritional reactions (growth on adipate, caprate, caprylate, pimelate, and suberate) which varied among P . alcaligenes strains in previous work (22) were useful in differentiating subclusters A l , A2, and B1 (Table 3) . The type strain of P . alcaligenes is in subcluster B1. The type strain of P . pseudoalcaligenes is in subcluster C3.
RAT-TTR, Anaerobic respiration of tetrathionate-tetrathionate reductase.
Attention has been drawn to the problem of phenotypic differentiation of P . alcaligenes from Pseudomonas testosteroni (21, 22) . The latter species and Pseudomonas acidovorans have been reclassified in the genus Comamonas (6) as Comamonas testosteroni and Comamonas acidovorans (33), respectively, and it is necessary to be able to separate them from P . alcaligenes and, in particular, from subcluster Al. The PHB inclusions present in almost all P . testosteroni strains (21) and the assimilation of glycine, L-valine, DLkynurenine, trans-aconitate, and citrate exhibited by more than 80% of the strains of this species (18) were not observed in strains of subcluster Al.
Although strain G 4767 (subcluster A2) contained PHB inclusions, discrimination of the three strains of subcluster A2 from P . testosteroni was facilitated by the following nutritional characteristics: assimilation of glycine, L-valine, glycerol, sorbitol, L-citrulline, glycolate , itaconate, transaconitate, and citrate. Only subcluster B1 , which included the type strain of the species, could be considered P.
alcaligenes sensu stricto. The DNAs of two P . alcaligenes strains studied by Ralston-Barrett et al. (24) were found to be 76 and 56% related to the type strain. This difference confirmed the heterogeneity shown by the phenotypic results of these authors (21, 22) .
The definition of the species P . alcaligenes given by Palleroni (18) could be amended in the following features (the percentages of strains of subcluster B1 yielding positive results are given in parentheses): utilization of L-aspartate (92%), p-alanine (go%), putrescine (90%) , and DL-3-hydroxybutyrate (80%). The converse results were presented by Palleroni (18) for these nutritional characteristics, except for assimilation of p-alanine and putrescine, for which positive or negative reactions could occur.
The relationships among subclusters A l , A2, and B1 and between subcluster A1 and P . testosteroni will be clarified after DNA-DNA hybridization experiments. The high number of phenotypic criteria which differentiated subclusters A1 and A2 from subcluster B1 (Tables 2 and 3 ) and from C. ' The type strain of P. srutzeri is in subcluster E2.
The type strain of P. mendocina is in subcluster D2.
RAT-TTR, Anaerobic respiration of tetrathionate-tetrathionate reductase.
TTC, 2,3,.5-Triphenyltetrazolium chloride.
testosteroni suggests that these phena could represent one or two new species.
Cluster C: P . pseudoalcaligenes and related strains. Cluster C contained most of the strains named P. pseudoalcaligenes. Six strains from the study of Stanier et al. (30) , whose DNAs had been found to be 79 to 82% related to the DNA of the type strain of P. pseudoalcaligenes (24), fell into subcluster C3 (Stanier strains 63=, 65,66,299, and 417) and into cluster A (Stanier strain 297, not a member of either subcluster A1 or subcluster A2). Because of the position of these strains in subcluster C3, which included the type strain, the species P. pseudoalcaligenes could be described by the phenotypic characteristics of this subcluster. However, subcluster C2 exhibited characteristics more similar to those described by Stanier et al. (30) , Ralston-Barrett et al. (24) , and Palleroni (18) for this species than subcluster C3 did (Table 3) . The discrepancy between the results for nutritional characteristics observed in our study and the results described previously cannot be explained at the present time.
Subclusters C1, C4, and C5, which contained two strains each, could be separated on the basis of the nutritional characteristics shown in Table 3 . Subcluster C4 contained the type strain of P. oleovorans, strain CCUG 2087 (= ATCC 8062). This species was included in Section V of the genus Pseudomonas by Palleroni (18) . Although the name P. oleovorans was included on the Approved Lists of Bacterial Names (27) , the type strain is maintained in the Culture Collection, University of Goteborg, Goteborg, Sweden (from which we received it), under the name P. pseudoalcaligenes. The close relationship of P. oleovorans to P.
pseudoalcaligenes indicated in this analysis should be confirmed by DNA-DNA hybridization.
Cluster D: P . mendocina and related strains. The 10 strains comprising subcluster D2 were all received as P. mendocina (and included the type strain). The phenotypic characteristics which we determined agreed with most of the previously published definitions of this species (9, 11, 18, 19; G. L.
Gilardi, personal communication), with only a few exceptions. We could not demonstrate positive urease reactions in any of our strains, whereas positive reactions were reported for 100 and 50% of the strains studied by one of us (11) was used as the electron acceptor (denitrification test). This characteristic was also noted by Palleroni (18) . One of us (11) reported that his strains produced opalescence on lecithovitellin agar and all grew on cetrimide agar. The strains included in our analysis did not give an egg yolk reaction characterized by an opaque precipitate. Gilardi (9) found that none of his strains grew on cetrimide, but later data (Gilardi, personal communication) showed that some of his strains were able to grow on this medium. Cluster D2 closely matched the description of P . mendocina presented by Palleroni (18) based on the assimilation pattern for most carbon substrates. The only exceptions were glycine, tryptamine, isobutyrate, D-malate, and benzoate, which were used by all of the strains in this study, whereas Palleroni (18) found that different strains gave different results. Also, a negative reaction was observed for DL-4-aminobutyrate by Palleroni, whereas 80% of the strains in our study gave positive results.
The two strains of subcluster D1 were not received as P . mendocina but were phenotypically similar to this species; they differed from strains of subcluster D2 only in the following reactions: no growth at 42"C, production of lipase from tributyrin, utilization of mannitol and m-tartrate as sole carbon sources, and no assimilation of tryptamin, isobutyrate, or benzoate.
Cluster E: P. stutzeri and related strains. A total of 45 strains comprised cluster E, and subcluster E2 was the largest subcluster (39 strains); the latter contained the type strain of P . stutzeri, strain ATCC 17588. The nutritional characteristics of this species were reported by Stanier et al. (30) and were also given by Palleroni (18) . Other characteristics were described by Gilardi (9; Gilardi, personal communication) and by one of us (ll), who discussed previous definitions of the species (1, 12, 23, 32) .
Most of the characteristics of subcluster E2 agreed with previously published definitions of P . stutzeri (9, 11, 18, 30; Gilardi, personal communication), especially the ability to denitrify and assimilation of maltose and starch as sole carbon sources, which were positive for almost all strains of cluster E. Growth on cetrimide was reported as positive for 54% of the strains studied by one of us (ll), whereas Gilardi (9) did not observe growth of any of his strains on this medium (9; Gilardi, personal communication); 16% of the strains of our subcluster E2 did give positive results in this test. Further discrepancies were noticed in .the following tests: arginine dihydrolase, egg yolk reaction, and phenylalanine deaminase. Most of the strains were negative for arginine dihydrolase and the egg yolk reaction in this study, in agreement with Gilardi (9), but not with one of us ( l l ) , who observed that 48 and 86% of the strains tested were positive in these tests, respectively. The percentage of phenylalanine deaminase-positive strains was very high in our analysis, especially in subcluster E2 (97% of the strains were positive). The following proportions of strains have been reported to give positive results in this test: 37% (9), 54% (Gilardi, personal communication), and 10% (11). Most of the nutritional characteristics studied in this analysis agreed with those given by Stanier et al. (30) or Palleroni et al. (19) for P . stutzeri. A small number of discrepancies concerned subcluster E2. The strains of P . stutzeri studied by Stanier et al. (30) were able to utilize citraconate (80% of the strains), sucrose (100% of the strains), putrescine (70% of the strains), and aconitate (70% of the strains); however, the strains studied by Palleroni (18) could not use citraconate or sucrose, nor could those in our analysis. Palleroni (18) did find that 76 and 78% of his strains utilized putrescine and trans-aconitate, respectively, whereas these carbon sources were not assimilated by any of the strains in our study. Suberate, levulinate, isobutyrate, and DL-4-amino-butyrate were used by more than 70% of the strains in our study (87, 93,92, and 74%, respectively), but not by the strains studied by Palleroni (18) . All of the strains of cluster E were able to use propionate as a sole carbon source. This test was the only nutritional characteristic found by Stanier et al. (30) which showed some ability to differentiate the two P . stutzeri groups separated on the basis of guanine-pluscytosine content (30) .
The strains of subclusters E l and E3 were slightly different from those of subcluster E2. These subclusters could be new taxa and could explain some of the variation apparent in previously published definitions, such as absence of growth at 42°C (subclusters E l and E3), absence of Tween esterase (subcluster E3), and absence of growth on L-leucine (subcluster E3), L-isoleucine (subclusters E l and E3), DL-4-amino-butyrate (subclusters E l and E3), isobutyrate (subclusters E l and E3), D-malate (subclusters E l and E3), and mannose (subcluster E3).
Cluster F: fluorescent strains. Cluster F contained seven subclusters (subclusters F1 through F7). Our aim was not to study the fluorescent Pseudomonas species in detail, so the number of strains included was very small, and these organisms only served as controls. However, it was interesting to note the separation of P . putida biovars A (subcluster F2) and B (subcluster Fl), of P . fluorescens biovars A (subcluster F5) and C (subcluster F7), and of P . aeruginosa (subcluster F4). The species P . aureofaciens and P . chlororaphis were contained in the same subcluster (subcluster F6). A single taxon, which included both species, was also found by Molin and Ternstrom (15) in their fluorescent supercluster and by Sneath et al. (29) , who performed a numerical analysis on the phenotypic data of Stanier et al. (30) . Strains of P . fluorescens biovars B, G, and F remained ungrouped, but this observation was not surprising because of the low number of strains included in the analysis.
The strains of subcluster F3, which were received as P . stutzeri or P . mendocina, shared a fluorescent pigment with all of the other strains of cluster F but were well separated from them. This raises the following question: could they belong to the species Pseudomonas fragi or Pseudomonas lundensis. The latter species were recently studied by Molin and Ternstrom (15); some of the strains of these authors exhibited a fluorescent pigment. The subcluster F3 strains shared with strains of P . fragi and P . lundensis the ability to assimilate phenylacetate, valerate, citrulline, and methionine (15). In contrast, however, the subcluster F3 strains could not utilize D-xylose, D-arabinose, or L-arabinose.
In conclusion, phenotypic criteria, especially nutritional characteristics, can differentiate groups which might be confirmed as being genospecies in most cases. Some difficulties must be resolved in the separation of some species, such as P . alcaligenes and C . testosteroni. In these cases, new tests will be necessary, but it is obvious that criteria such as number of flagella or presence of PHB inclusion bodies would be unsuitable for routine identification purposes. Furthermore, it appears from this analysis that alkalinization or oxidation of various substrates does not provide any information for classification purposes.
Our analysis permits revised phenotypic definitions of P . alcaligenes, P . pseudoalcaligenes, P . stutzeri, and P . mendocina. The subclusters which do not contain any type strains (subclusters A l , A2, C1, C2, C4, C5, D1, and E3) will be studied by using the DNA-DNA hybridization procedure to determine their precise taxonomic positions. We agree with Molin and Ternstrom (15) that the number of species included in Pseudomonas ribosomal ribonucleic acid group 1 may well be extended, and in the future this group might be subdivided into several genera. In view of the data presented by various authors (15,16,34) and from our analysis, a good revision of this group can be expected.
